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Activation of the extracellular signal-regulated kinase (ERK) signaling pathway in the striatum is crucial for molecular adaptations and
long-term behavioral alterations induced by cocaine. In response to cocaine, ERK controls the phosphorylation levels of both mitogen
and stress-activated protein kinase 1 (MSK-1), a nuclear kinase involved in histone H3 (Ser10) and cAMP response element binding
protein phosphorylation, and Elk-1, a transcription factor involved in serum response element (SRE)-driven gene regulations. We
recently characterized the phenotype of msk-1 knock-out mice in response to cocaine. Herein, we wanted to address the role of Elk-1
phosphorylation in cocaine-induced molecular, morphological, and behavioral responses. We used a cell-penetrating peptide, named
TAT-DEF-Elk-1 (TDE), which corresponds to the DEF docking domain of Elk-1 toward ERK and inhibits Elk-1 phosphorylation induced
by ERKs without modifying ERK or MSK-1 in vitro. The peptide was injected in vivo before cocaine administration in mice. Immunocy-
tochemical, molecular, morphological, and behavioral studies were performed. The TDE inhibited Elk-1 and H3 (Ser10) phosphorylation
induced by cocaine, sparing ERK and MSK-1 activation. Consequently, TDE altered cocaine-induced regulation of genes bearing SRE
site(s) in their promoters, including c-fos, zif268, AFosB, and arc/arg3.1 (activity-regulated cytoskeleton-associated protein). In a chronic
cocaine administration paradigm, TDE reversed cocaine-induced increase in dendritic spine density. Finally, the TDE delayed the
establishment of cocaine-induced psychomotor sensitization and conditioned-place preference. We conclude that Elk-1 phosphorylation

downstream from ERK is a key molecular event involved in long-term neuronal and behavioral adaptations to cocaine.

Introduction

By increasing striatal levels of dopamine (DA), virtually all drugs
of abuse induce activation of the mitogen-activated kinase
(MAP) kinase/extracellular signal-regulated kinase (ERK) signal-
ing pathway within striatal neurons (Valjent et al., 2004; Girault
etal., 2007). The pharmacological blockade of ERKs, using selec-
tive inhibitors of MEK, the kinase upstream from ERKSs, prevents
cocaine-induced expression of the immediate early genes (IEGs)
c-Fos and Zif268, along with long-term behavioral alterations,
including conditioned-place preference (CPP) (Valjent et al.,
2000; Miller and Marshall, 2005), psychomotor sensitization
(Pierce et al., 1999; Valjent et al., 2006a), and craving after late

Received June 9, 2011; revised July 21, 2011; accepted July 27, 2011.

Author contributions: A.B., P.V., and J.C. designed research; A.B., N.B., V.K., V.P., C.P., N.H., P.V., and J.C. per-
formed research; N.H., P.V.,and J.C. contributed unpublished reagents/analytic tools; A.B.,N.B., V.K., V.P.,,N.H.,P.V.,
and J.C. analyzed data; A.B., P.V., and J.C. wrote the paper.

This work has been supported by the Centre National de la Recherche Scientifique, I’Agence Nationale pour la
Recherche Grant ANR-08-BLAN. A.B. has been supported by the Edmond Rothschild Chemical Dependency Institute
Beth Israel Medical center and Fondation pour la Recherche Médicale. We also thank Christophe Piesse and Samuel
Bornens from the Institut Federatif de Recherche de Biologie Integrative (IFR83, Paris) for their assistance in peptide
synthesis and quantitative PCR. We are grateful to Dr. P. Shaw for the generous gift of the plasmids encoding for
Elk-1DEF and DEJL mutants. The TAT-DEF—EIk-1 peptide has been patented: EP 05 290 363 and W0 2006/087242.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Jocelyne Caboche, Université Pierre et Marie Curie Paris 6, C(NRS/UMR
7224, INSERM/UMRS 952, 9 quai Saint Bernard, 75005 Paris, France. E-mail: jocelyne.caboche@snv.jussieu.fr.

DOI:10.1523/JNEUR0SCI.2890-11.2011
Copyright © 2011 the authors ~ 0270-6474/11/3114296-12$15.00/0

withdrawal (Lu et al., 2005). These results suggest that ERKs are
critically involved in the control of neuronal plasticity that un-
derlies long-term behavioral adaptations to cocaine (Lu et al.,
2006). Nevertheless, the precise molecular events that drive,
downstream from ERKSs, such a vast range of behavioral processes
remain essentially unknown.

In response to cocaine, activated ERK control phosphoryla-
tion levels of nuclear substrates involved in gene transcription
and chromatin remodeling. These include the mitogen and
stress-activated protein kinase 1 (MSK-1), a nuclear kinase in-
volved in histone H3 (Ser10) and cAMP response element bind-
ing protein (CREB) phosphorylation (Brami-Cherrier et al.,
2005; for review, see Brami-Cherrier et al., 2009), and the tran-
scription factor Elk-1 (Valjent et al., 2000), a member of the
ternary complex family (TCF) that controls serum response ele-
ment (SRE)-driven gene regulations. We previously showed that
knock-out mice for msk- I had altered expression levels of the IEG
c-Fos, but not Zif268, in response to cocaine. Furthermore,
cocaine-induced locomotor sensitization, but not CPP, was de-
creased in these mice (Brami-Cherrier et al., 2005). These data
suggested a possible involvement of Elk-1, downstream from
ERKSs, in cocaine-induced molecular and behavioral responses.

Constitutive knock-out mice for elk-1 do not present any
sharp phenotype within the brain, probably because compensa-
tory mechanisms mediated by other members of the TCF family
are likely to occur (Cesari et al., 2004). Global inhibitors of ERKs
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act on a broad spectrum of substrates, including MSK-1. As such,
these compounds cannot provide conclusive responses about the
specific role of cocaine-induced Elk-1 phosphorylation in molec-
ular and behavioral responses to cocaine. We thus developed a
strategy aimed at interfering with Elk-1 phosphorylation down-
stream from ERKs without blocking ERK activity toward other
substrates. We designed a cell-penetrating peptide, named TDE
peptide (TDE), which interferes with the DEF docking domain of
Elk-1 toward ERKs (Lavaur et al., 2007), and analyzed molecular,
morphological, and behavioral responses to cocaine in mice.

Materials and Methods

Animals and drugs. Mice C57BL/6 were purchased from Janvier. Ten-
week-old males were maintained in a 12 h light/dark cycle in stable con-
ditions of temperature (22°C) and humidity (60%). Three days before
the experiments, mice were briefly handled each day. Animal care was
conducted in accordance with the standard ethical guidelines (European
Communities Guidelines on the Care and Use of Laboratory Animals:
86/608/EEC).

Cocaine hydrochloride (Sigma-Aldrich) dissolved in a 0.9% NaCl (w/v)
aqueous solution (saline) was administrated at the indicated dose. The TDE
peptide (GRKKRRQRRRPPSPAKLSFQFPSSGSAQVHI), its scrambled
version (SCR) (GRKKRRQRRRPPQSKPSGSQHPIFSLAFVAS), and the
TAT-DEJL-Elk-1 peptide (GRKKRRQRRRPPKGRKPRDLELPLSPSLL)
were synthesized at the facility of the Institut Fédératif de Biologie Intégrative
(IFR83, Université Pierre et Marie Curie, Paris, France). They were dissolved
in saline solution and injected at the indicated dose 1 h before cocaine ad-
ministration. In a set of experiments, kinetics of TDE administration were
performed from 30 min to 8 hours before cocaine. NMDA receptor (MK801
[(+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine
maleate]; 0.3 mg/kg) and dopaminergic D, receptor (SCH23390 [R(+)-7-
chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzaz-
epine hydrochloride]; 0.1 mg/kg) antagonists or an MEK inhibitor [SL327
(a-[amino[(4-aminophenyl)thio]methylene]-2-(trifluoromethyl)benze-
neacetonitrile); 50 mg/kg] were administered 30 min before a saline or co-
caine injection.

Tissue preparation and immunohistochemistry. At the indicated times
after drug treatments, mice were anesthetized rapidly with pentobarbital
(50 mg/kg, i.p.; Sanofi-Aventis) and perfused transcardially with a fixa-
tive solution containing 4% paraformaldehyde (PFA) (w/v) in 0.1 M
Na,HPO,/ Na,HPO, buffer, pH 7.5 (4°C), delivered with a peristaltic
pump at 20 ml/min for 5 min. Brains were postfixed overnight in the
same solution and stored at 4°C. Sections (30 wm thick) were cut with a
vibratome (Leica) and kept at —20°C in solution containing 30% ethyl-
ene glycol (v/v), 30% glycerol (v/v), and 0.1 M phosphate buffer. Sections
were then processed as follows. On day 1, free-floating sections were
rinsed three times for 10 min in Tris-buffered saline (TBS; 25 mm Tris-Cl
and 150 mm NaCl, pH 7.5), followed by a permeabilization step 15 min in
0.2% Triton X-100 in TBS. For the detection of all phosphorylated pro-
teins, 50 mm NaF was added in buffers and incubation solutions, as
described previously (Sgambato et al., 1998). For phosphorylated MSK-1
(P-MSK-1) the sections were treated for 1 h with a blocking buffer [3%
bovine serum albumin (BSA; w/v)]. After three rinses in TBS, the sections
were incubated overnight at 4°C with the primary antibodies. On day 2,
sections were rinsed three times for 10 min in TBS and incubated for 90
min with a goat anti-rabbit Cy3-coupled secondary antibody (1:500; GE
Healthcare). For double-labeling experiments, goat anti-rabbit Alexa
Fluor 546 (1:400; Invitrogen) and goat anti-mouse Alexa Fluor 488 anti-
body (1:400; Invitrogen) were used. Sections were rinsed three times for
10 min in TBS and three times for 10 min in Tris buffer (0.25 m Tris)
before mounting in Vectashield (Vector Laboratories).

Cultured striatal neurons and transfection assays. Striata were dissected
out from 14-d-old Swiss mouse embryos (Janvier) and prepared as de-
scribed previously (Brami-Cherrier et al., 2002). Cells were suspended in
Neurobasal medium supplemented with B27 (Invitrogen; 500 nm
L-glutamine, 60 g/ml penicillin G, and 25 um B-mercaptoethanol
(Sigma-Aldrich) and plated into 24-well (1.8 X 10 cells per well) Nunc
(Dutscher) multiwell plates coated with 50 ug/ml poly-p-lysine (Sigma-
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Adrich). For all experiments, treatments were performed between DIV 7
and DIV 9, when the majority of cells were of neuronal phenotype with
no detectable glial elements. For pharmacological treatments, drugs (see
below, Chemical and reagents) were added directly to the medium, and
the cells were put back at 37°C in a humidified atmosphere of 95% air and
5% CO, for the appropriate time.

The ¢cDNA constructs encoding HA-tagged Elk-1 either in its wild-
type (WT) or mutated version in the DEF domain (DEF) or DEJL (dock-
ing site for ERKs and JNK, LXL) regions were provided by Dr. Pete Shaw
(Zhang et al., 2008). Transient transfections of HA-tagged Elk-1 plas-
mids were performed on primary striatal neurons using Lipofectamine
2000 (Invitrogen) according to the instructions of the manufacturer.
Cells (600/mm *) were transfected with 1 ug of DNA for 3.5 h. Neurons
were then rinsed with fresh culture medium and put back to 37°C for 24 h
before pharmacological treatments.

Immunocytochemistry. After the appropriate time of glutamate treat-
ment, cells were fixed with PBS containing 4% PFA (added directly to the
medium to a final concentration of 2%) for 40 min at room temperature
(RT) and then incubated with methanol/acetone solution (50:50) for 10
min at 4°C. After three rinses in PBS, cells were treated with blocking
buffer (normal goat serum 10% in PBS) for 2 h at RT (except for P-ERK
and P-H3 staining in which the blocking buffer contained 10% fetal calf
serum, 1% BSA in PBS). Antibodies were incubated overnight at 4°C
diluted in PBS or PBS containing 1% BSA, 0.05% Tween 20 for P-ERK
and P-H3 labeling. Neurons were then incubated for 2 h at RT with anti-
mouse Alexa Fluor 488 (1:400), anti-rabbit Alexa Fluor 488 (1:400), anti-
mouse Alexa Fluor 568 (1:400), or anti-rabbit Alexa Fluor 546 (1:400;
Invitrogen). After rinses, cells were counterstained with Hoescht (1:
20,000; Invitrogen) and mounted under coverslips using Vectashield
(Vector Laboratories).

Primary antibodies. Polyclonal antibodies raised against diphospho-Thr-
202/Tyr-204-ERK1/2 (1:400; Cell Signaling Technology), phospho-Thr-
581-MSK-1 (1:750; Cell Signaling Technology), phospho-Ser10—H3 (1:500;
Millipore), or a mouse monoclonal antibody raised against P-Ser383—Elk-1
(1:200; Santa Cruz Biotechnology) were used. Expression of IEGs was ana-
lyzed using rabbit polyclonal antibodies raised against c-Fos (1:1000) and
Zif268 (1:800) from Santa Cruz Biotechnology.

Expression of HA-tagged Elk-1 constructs in transfected neurons was
visualized by using a monoclonal anti-HA antibody (1:250; Roche Diag-
nostics) or a polyclonal anti-HA antibody (1:250; Zymed, Invitrogen).

Image analysis. For single-staining experiments, immunoreactive cells
were quantified for each marker in the dorsomedial striatum (DM) and
the nucleus accumbens (NAcc) shell as indicated by black rectangles on
mouse brain coronal sections at various bregma coordinates (Paxinos
and Franklin, 2001): along the rostrocaudal axis (see Fig. 1 E), in a total of
24 different images (421 X 336 um) per animal (i.e., three adjacent
images per structure, bilaterally, on two adjacent slices). For double-
staining experiments, confocal images were acquired bilaterally using
sequential laser scanning (SP5; Leica) with a 40X oil-immersion objec-
tive. Quantifications were performed using image analyzer software
(Image-Pro Plus; Media Cybernetics), taking into account the cells with
nuclear immunofluorescence above the background.

Striatal tissue collection and RNA isolation. After treatments, mice were
killed by decapitation, and heads were snapped frozen in liquid nitrogen.
Striata were punched on dry ice and stored in individual tubes at —80°C
until RNA isolation. Samples were homogenized in 500 ul of Qiazol
reagent (Qiagen) using pestle. RNA isolation was performed with
RNeasy Lipid Tissue Midi kit (Qiagen) according to the instructions of
the manufacturer. RNA concentration and quality were measured on
nanovue spectrophotometer (GE Healthcare). Reverse transcription was
performed with Maxima First Strand cDNA synthesis kit for RT-qPCR
(Fermentas) at 37°C for 30 min. Quantitative real-time PCR reactions
were performed using LightCycler 480 SYBR Green I Master according to
the protocol of the manufacturer and run on LightCycler 480 device
(Roche Diagnostics). For each reaction, ~ 20 ng of cDNA from an indi-
vidual animal were used. The entire qPCR experiments were performed
twice, on independent RNA samples (n = 6). To minimize the contribu-
tion of contaminating genomic DNA, primers were designed to span
exon junctions. Amplification efficiency for each assay was determined
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Figure 1.  Patterning Elk-1 phosphorylation in response to cocaine in the striatum. A-D, Cocaine activates Elk-1 and MSK-1 in the same subset of striatal neurons. P-Elk-1 (4, C, green) was
detected along with P-ERKs (4, red) or P-MSK-1 (C, red) by immunohistochemical detection on the same DM striatal section, 10 min after an acute treatment with saline (top rows) or cocaine (20
mg/kg, i.p.; bottom rows). The nuclei were labeled by Hoechst staining (blue). Images are single confocal sections. Scale bar, 25 m. Note the strong colocalization of P-Elk-1and P-ERK1/2 (4,
merge) as well as P-Elk-1 and P-MSK-1 (€, merge) immunofluorescence occurring in the same subset of striatal cells (Merge + Hoescht). B-D, Quantifications of P-ERK1/2 and P-Elk-1 (B) or
P-ERK1/2 and P-MSK-1 (D) immunoreactive cells. E, Schematic representation of striatal regions analyzed for quantifications in the DM and the NACC shell. Cocaine-induced P-Elk-Timmunoreac-
tivity in the DM (F) or NAcc shell (G) is abolished by pharmacological inhibition of NMDA (MK801; 0.1 mg/kg) or DA D, (SCH23390; 0.1 mg/kg) receptors or MEK inhibition (SL327; 50 mg/kg). The
inhibitors were administered intraperitoneally 30 min before cocaine. B-D, Data (means == SEM; n = 4 mice per group) were analyzed using unpaired t test for each marker. **p < 0.01, cocaine
group versus saline group. F~G, Data (means == SEM; n = 36 mice per group) were analyzed using one-way ANOVA (between subjects) for the DM (F, ,,y = 34.38, p << 0.001) and NAcc shell

(F4,14) = 18.81, p << 0.001), followed by post hoc comparisons (Newman—Keuls test). ***p << 0.001, cocaine group versus saline group; **°p << 0.001, cocaine group versus cocaine groups
pretreated with antagonists or MEK inhibitor.

by running a standard dilution curve. Expression of hypoxanthine gua-
nine phosphoribosyltransferase 1 (Hprtl) transcript was used to normal-
ize the cDNA amounts. The cycle threshold values were calculated
automatically by LightCycler 480 SW 1.5 software with default parame-
ters. All primers were designed using the NCBI primer tool AFosB (for-

ward, TGCAGCTAAGTGCAGGAACCGT; reverse, GAGGACTTGAAC
TTCACTCGGCCA), srf (forward, GCAAACTGCAGCCCATGATCAC
CA; reverse, GCTGGCTTCAGTGTGTCCTTGGTT), B-actin (forward,
GGGAAATCGTGCGTGACATCAAAGAG;reverse, GCCACAGGATTC
CATACCCAAGAAGG), homerla (forward, CAAACACTGTTTATGG



Besnard et al. @ Elk-1and Cocaine Responses

Saline

Cocaine

=)
+ 2

(=)
2 €
T O
8w
oa

=

F

J. Neurosci., October 5, 2011 - 31(40):14296 —14307 * 14299

P-H3 (ser10)

H P-H3 (ser10)

t
g 500 300 300 400
E ; *k%k *k%k
2 s 225 225 300~ *x
8 3 X
5 ; 250 150 150 o
@ % 12
75 75
= 2 i
(&) _g 0 0 0
=z 0 0 2 4 8 12 0 0 2 4 8 12 0 0 2 4 8 12 0 0 2 4 8 12
TDE (mg/kg) TDE (mg/kg) TDE (mg/kg) TDE (mg/kg)
Cocaine Cocaine Cocaine Cocaine
| J P-Elk-1
Saline Cocaine ‘:E
E £ 300
@
2 o 225+
3 3 *
g .g 150
= :
o 5 o
0 0.5 1 1.5 2 2 0 0051152 4 8

TDE pretreatment (Hrs) TDE pretreatment (Hrs)

Cocaine

Figure2. Dose-response curves and kinetics of TDE effects on cocaine-induced phosphorylation of ERK, MSK-1, Elk-1, and H3 (Ser10). A—D, Immunohistochemical detection of cocaine-induced
P-ERK1/2 (A), P-MSK-1 (B), P-Elk-1 (€), and P-H3 (Ser10) (D) was performed on striatal slices (illustrated here is the DM) 10 min after an acute treatment with saline or cocaine (20 mg/kg, i.p.) in
mice. When indicated, the mice were pretreated with the TDE peptide (8 mg/kg), 60 min before cocaine treatment. Note the increased immunoreactivity for all markers in the cocaine group
compared with saline control group. Note also the decreased P-Elk-1and P-H3 (Ser10) immunoreactivities in the TDE-treated cocaine group when compared with cocaine alone. Scale bars, 50 pem.
E-H, Quantifications of P-ERK1/2 (E), P-MSK-1 (F), P-Elk-1 (G), and P-H3 (Ser10) (H) immunoreactive cells in the DM, 10 min after an acute treatment with saline, cocaine alone (20 mg/kg), or
cocaine and TDE (0—12 mg/kg) 60 min before cocaine. /, lllustration of the TDE effects on cocaine-induced phosphorylation of Elk-1. TDE (8 mg/kg) administered from 0.5 to 8 h before cocaine (20
mg/kg); mice were killed 10 min after cocaine administration. J, Quantification of P-Elk-1immunoreactive cells in the DM in mice pretreated with TDE at indicated times (0 — 8 h) before a cocaine
treatment occurring 10 min before being killed. Note the limited time window of TDE inhibitory effect between 30 and 120 min before cocaine administration. E~H, Data (means = SEM; n = 8-16
mice per group) were analyzed using one-way ANOVA (between subjects) for P-ERK1/2 (Fs 62) = 22.29, p < 0.001), P-MSK-1 (F(5 5 = 31.76, p << 0.001), P-Elk-1 (F (5 6y = 17.05, p << 0.001),

andP-H3 (Ser10) (Fs 5,) = 6.665, p << 0.001), followed by post hoc comparisons (Newman—Keuls test). p << 0.05, **p << 0.01, ***p << 0.001, cocaine groups versus saline group; °p << 0.05,*°p <
0.01, °>°p << 0.001, TDE pretreated cocaine groups versus saline pretreated cocaine group. J, Data (means = SEM; n = 7-20 mice per group) were analyzed using one-way ANOVA (between
subjects) (Fig 55) = 2.254, p < 0.05), followed by post hoc comparisons (Dunnett's multiple test). *p << 0.05, 0.5—8 h TDE pretreated groups versus immediately TDE pretreated group.

ACTG; reverse, TGCTGAATTGAATGTGTACC), arc (forward, AATG
CAGCTGAAGCAGCAGACCTG; reverse, TCTCAGCAGCCTTGAGAC
CTGGTGT), and hprtl (forward, TTGCTCGAGATGTCATGAAGGA;
reverse, AGCAGGTCAGCAAAGAACTTATAG).

Diolistic labeling and dendritic spine analysis. The tissue preparation
consisted of a slightly modified version of the protocol used for immu-
nohistochemistry. Briefly, animals were transcardially perfused with 30
ml of 1.5% PFA, pH 7.5 (4°C). Brains were postfixed for 1 h in the same
solution and stored at 4°C. Sections (150 wm thick) were cut with a
vibratome and kept at —20°C in a cryoprotector solution. Cartridge
preparation and diolistic labeling were performed as described previ-
ously (Gan etal., 2000) with slight modifications. Three milligrams of Dil
(Invitrogen) were dissolved in 300 ul of methylene chloride and added to

50 mg of tungsten beads (1.3 wm diameter; Bio-Rad), which were spread
over a glass plate. The methylene chloride was left to evaporate. Beads
were collected, resuspended in water (3.5 ml), and sonicated to prevent
aggregates. Tefzel tube (Bio-Rad) was first filled with 10 mg/ml polyvi-
nylpyrrolidone (Sigma-Aldrich) for 5 min before introduction of bead
suspension (3 ml). The last 0.5 ml of the suspension containing bead
aggregates was discarded. After 5 min of rotation, the solution was care-
fully removed from the tubing using a syringe, leaving the beads in the
tubing. The rotating tubing was dried with a nitrogen flow for 10 min.
Cartridges (13 mm length) obtained from the coated tubing were stored
at 4°C and protected from light. Brain slices were transferred to glass
surface, and the beads were delivered using the gene-gun device (Bio-
Rad) through a 3 um pore-sized filter (Millipore), using helium gas
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Figure3.  Mutations of EIk-1 DEF or DEJL domain alter glutamate-induced H3 (Ser10) phosphorylation but preserve MSK-1 activation in vitro. A, Schematic representation of the Elk-1 mutants
encoded by the plasmids used for transfections. Striatal neurons were transfected at DIV6 with cDNAs encoding HA-tagged versions of WT Elk-1 (Elk-1 Wild-Type), Elk-1 carrying a deletion of the DEJL
domain (Elk-1DEJL deletion), or a mutation of the DEF domain (Elk-1 DEF mutation). Twenty-four hours later, neurons were incubated in the absence (Control) or presence of glutamate (Glutamate;
10 pum) for 20 min, with or without U0126 (10 wum) applied 30 min before and during glutamate (Glutamate + U0126) application. B—D, Representative pictures of striatal neurons transfected with
the WT or HA-tagged DEF Elk-1 mutants treated or not with glutamate in the absence or presence of U0126. Transfected cells were detected with anti-HA antibody (red) or P-Elk-1 with a
phospho-specificantibody (green). White arrows indicate transfected striatal neurons that are P-Elk-1 positive. E-H, Quantifications of P-ERK1/2 (E), P-MSK-1 (F), P-Elk-1 (G), and P-H3 (Ser10) (H)
immunoreactive cells, in HA-transfected cells. Note the strong decrease in P-Elk-1 and P-H3 (Ser10) signals in cells transfected with the DEF mutant, whereas the DEJL mutant only affects P-H3
(Ser10). Note also the total inhibition of all markers in the case of a pretreatment with U0126. E-H, Data (means = SEM; n = 3—4 independent experiments per group) were analyzed using
two-way ANOVA: for P-ERK1/2, effect of treatment, F, ;4 = 95.28, p << 0.001; effect of mutation, F, ;4 = 0.059, NS; for P-MSK-1: effect of treatment, ;, 15) = 53.71, p << 0.001; effect of
mutation, F 1) = 0.39, NS; for P-Elk-1: effect of treatment, £, ,, = 120.4, p << 0.001; effect of mutation, £, ,,) = 29.54, p << 0.001; for P-H3 (Ser10): effect of treatment, £, ;4 = 19.05,p <
0.0071; effect of mutation, F, 15) = 7.36, p << 0.01, followed by post hoc comparisons (Bonferroni’s test). **p << 0.01, ***p <C0.001, control (Ctrl) versus glutamate (Glu); Tp<005 <
0.001, glutamate versus glutamate + U0126; °p << 0.05, °*°p << 0.001, wild-type Elk-1 versus Elk-1 construct (DEF mutation or DEJL deletion).

pressure (120—150 psi). Slices were kept in buffer at RT for at least 2h  detector while minimizing noise level. Image stacks were deconvolved
before being mounted in Mowiol. with Huygens 3.5 software (Scientific Volume Imaging) using an exper-

Images were collected in the NAcc shell as described previously. Image ~ imental point-spread function obtained from images of fluorescent
stacks were acquired using a confocal laser-scanning microscope (SP5;  beads (PS-Speck 170 nm; Invitrogen). Sections of dendrite (50—100 wm
Leica), equipped with a 561 nm laser line for excitation. Images were  in length) from medium-sized spiny neurons were imaged 50-100 wm

collected in the range 570—620 nm through a 1.4 NA objective (oil im-  from the soma. Dendritic spines were analyzed with Neuronstudio soft-
mersion; Leica) with pinhole aperture set to 1 Airy unit, pixel size set to ~ ware (Rodriguez et al., 2008). After automated detection, manual check
60 nm, and z-step of 200 nm. To minimize noise, each image was ac-  was performed to avoid false positives. Head-spine diameter corresponds

quired twice and averaged. Laser intensity and photomultiplier tube gain  to ray-burst diameter (i.e., minimal diameter of the ellipse described by
was set so that all of the images occupy the full dynamic range of the  the head spine) calculated in the x—y axis.
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Figure 4.  Comparative effects of TDE and TAT-DEJL-Elk-1 peptide on molecular responses to cocaine. Quantification of

P-ERK1/2 (A, E), P-MSK-1 (B, F), P-Elk-1 (€, G), and P-H3 (Ser10) (D, H) immunoreactive cells in the DM (A-D) or in the NAcc shell
(E-H),10 min after an acute treatment with saline or cocaine (20 mg/kg). When indicated, the mice were pretreated with the TDE
orthe TAT-DEJL—EIk-T (TAT-DEJL) (8 mg/kg, i.p.) 60 min before cocaine treatment. Note the increased immunoreactivity for all of
the markers in the cocaine groups compared with saline control groups. Note also the decreased P-Elk-1 and P-H3 (Ser10)
immunoreactivities in the cocaine group pretreated with TDE when compared with cocaine alone and the absence of effect of
TAT-DEJL—EIk-Ton P-Elk-1immunoreactivity. A-H, Data (means = SEM; n = 37 mice per group) were analyzed using one-way
ANOVA (between subjects) in the DM for P-ERK1/2 (F 5 1,y = 91.30, p < 0.001), P-MSK-1 (F5 1) = 103.3, p < 0.001), P-Elk-1
(Fi314y = 25.63,p <<0.001), and P-H3 (Ser10) (F 3 1,y = 15.99,p < 0.001) and in the NAcc shell for P-ERK1/2 (F 3 1,y = 5.99,p <
0.01), P-MSK-1 (Fi3 14) = 11.46, p << 0.001), P-Elk-1 (F 3 1) = 4.52, p < 0.05), and P-H3 (Ser10) (F 3 1) = 41.20, p < 0.001),
followed by post hoc comparisons (Newman—Keuls test). *p << 0.05, **p << 0.01, ***p << 0.001, cocaine groups versus saline

group; °p << 0.05, TDE pretreated cocaine group versus saline pretreated cocaine group.

Locomotor activity and sensitization. Locomotor activity was measured
by using rectangular activity boxes (20 X 15 X 25 cm) (Immetronic)
located in a soundproof testing room with low luminosity. Locomotor
activity was counted as travels detected by interruption of photocell
beams located across the long axis, 15 mm (horizontal activity) and 30
mm (vertical activity) above the floor. Each box was connected to an
electronic interface for data collection. In spontaneous exploration ex-
periments, mice were injected 1 h before be exposed for the first time to
the activity box; locomotor activity was recorded in 5 min intervals for 60
min. In cocaine sensitization experiments, mice were placed in the activ-
ity box for 60 min during 3 consecutive days for habituation before the
actual experiments were performed. Mice were then repeatedly treated
with saline or cocaine (10 mg/kg, i.p., every day) for 5 consecutive days.
This repeated exposure was followed by 7 d of withdrawal and, on day 12,
by a challenge injection of saline or cocaine (10 mg/kg). When indicated,
mice were pretreated with either TDE or SCR at the dose of 8 mg/kg 60
min before saline or cocaine administration. Locomotor sensitization
was evaluated as a recording of locomotor activity 30 min before and 30
min after the saline or cocaine injection.

Conditioned place preference. The CPP was evaluated in a Plexiglas
Y-shaped apparatus (Immetronic) located in a soundproof testing room
with low luminosity. Two of the three chambers were used for the con-
ditioning and distinguished by different patterns on floors and walls,
separated by a central neutral area. The device is connected to an elec-
tronic interface for data collection. Entries and time spent in each cham-
ber were measured, as well as the locomotor activity of the mice during
the experiments. The CPP protocol included three different phases. (1)
In the preconditioning (habituation) phase, mice were placed in the
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middle of the neutral central area and allowed
to explore both chambers. The time spent in
each chamber was measured during 18 min
(1080 s). (2) In the conditioning phase, the
treatments were counterbalanced between
chambers to use an unbiased procedure. Mice
were treated for 2 d (one-pairing protocol) or
6 d (three-pairing paradigm) consecutively
with alternate injections of cocaine or saline.
When indicated, mice were pretreated with ei-
ther TDE or SCR at the dose of 8 mg/kg 60 min
before saline or cocaine administration. After
injections, mice were confined to a given
chamber for a period of 20 min. In the case of
three pairings, cocaine was administrated on
days 1, 3, and 5 and saline on days 2, 4, and 6.
210 Control mice received saline every day. (3)
The postconditioning (test) phase was con-
ducted exactly as the preconditioning phase
with free access to both chambers. The time
spent in each chamber was measured during
18 min (1080 s). Data were expressed as the
difference between cocaine-paired chamber
minus vehicle-paired chamber during pre-
conditioning and postconditioning, as well
as the time spent in each chamber during
preconditioning and postconditioning.

Statistics. Colabeling experiments were ana-
lyzed with unpaired Student’s ¢ test for each
marker. Immunohistochemistry and real-time
quantitative PCR experiments were analyzed
using one-way ANOVA between subjects fol-
lowed by the post hoc Newman—Keuls compar-
isons test, except for the time course of TDE
effect, in which one-way ANOVA was followed
by the post hoc Dunnett’s multiple compari-
sons test. Immunocytochemistry, spine den-
sity, locomotor sensitization, and conditioned
place preference experiments were analyzed
with a mixed-factor two-way ANOVA fol-
lowed by the post hoc Bonferroni’s test. Spine
morphology was analyzed using Kruskal-Wal-
lis test followed by the post hoc Dunn’s test. In all cases, significance was
setat p < 0.05.

D P-H3 (ser10)

Results

Cocaine drives Flk-1 activation along with ERKs and MSK-1
in the same subset of striatal cells in vivo

We first analyzed whether cocaine-induced Elk-1 and MSK-1
phosphorylation occurred in the same subset of striatal cells. Co-
labeling experiments showed that cocaine induces an increase of
the phosphorylated (i.e., activated) form of Elk-1 (P-Elk-1) along
with phosphorylated ERKs (noted as P-ERK1/2 because ERK1
and ERK2 cannot be discriminated in our immunocytochemical
conditions) in the same subset of striatal neurons (Fig. 1A,B).
Similarly, the activation of Elk-1 and MSK-1 induced by cocaine
occurred in the same subset of striatal neurons (Fig. 1C,D). Be-
cause ERK activation by cocaine depends on the concomitant
stimulation of D;R and NMDARSs (Valjent et al., 2000; Pascoli et
al., 2011), we analyzed the contribution of these receptors in
cocaine-induced striatal activation of Elk-1. For each treatment,
P-Elk-1 immunoreactive neurons were analyzed in representa-
tive areas from the DM and NAcc shell parts of the striatum on
three independent coronal sections (Fig. 1 E). Cocaine-induced
phosphorylation of Elk-1 was totally prevented by the selective
D;R and NMDAR antagonists SCH23390 and MK801, respec-
tively, administered before cocaine (Fig. 1 F,G). The MEK in-
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Figure5. Inhibition of Elk-1 phosphorylation alters SRE-driven gene regulation by cocaine in vivo. Inmunohistochemical detections of ¢-Fos (A-C) and Zif268 (D-F) were performed in the DM
and the NAcc shell 60 min after an acute treatment with saline or cocaine (10 mg/kg) in mice pretreated with TDE or SCR (8 mg/kg) 60 min before cocaine treatment. Note the increased
immunoreactivity of c-Fos (A) and Zif268 (D) in mice pretreated with SCR before cocaine administration. Note also the decreased immunoreactivity in TDE pretreated cocaine groups. Scale bars, 50
. G, Real-time quantitative PCR was performed to evaluate levels of AfosB, arc/arg3.1, homer1a, srf, and actin mRNA 45 min after an acute cocaine injection in mice pretreated for 1 h with either
TDEor SCR. B, C, E, F, Data (means = SEM; n = 8 mice per group) were analyzed using one-way ANOVA (between subjects) in the DM for c-Fos (F 5 ,5) = 16.54, p < 0.001) and Zif268 (F s ,) =
16.80,p <<0.001) and the NAcc shell for c-Fos (F 3 ,5) = 14.51,p <<0.001) and Zif268 (F 5 ,5) = 10.86, p << 0.001), followed by post hoc comparisons (Newman—Keuls test). *p << 0.05, **p < 0.01,
***p <0.001, cocaine groups versus saline group; °p << 0.05,°°p << 0.01, TDE pretreated cocaine group versus SCR pretreated cocaine group. G, Data (means == SEM; n = 5— 6 mice per group) were
analyzed using one-way ANOVA (between subjects) for AfosB (F s ;o) = 34.87,p < 0.001), arc/arg3.7(F 5 19 = 16.64, p < 0.001), homerTa (F 3 15, = 5.349,p < 0.01), 5rf (F 3 10y = 0.581,NS),
and actin (F 3 1) = 0.163, NS), followed by post hoc comparisons (Newman—Keuls test). *p << 0.05, **p <<'0.01, ***p <C'0.001, cocaine groups versus saline group; °p << 0.05, *°p << 0.01, TDE

pretreated cocaine group versus SCR pretreated cocaine group.

hibitor SL327, which totally prevents cocaine-induced ERK
phosphorylation (Valjent et al., 2000), also prevents induction
of P-Elk-1 immunoreactive neurons, thus confirming that
Elk-1 phosphorylation induced by cocaine in the striatum is
totally dependent on ERKs (Fig. 1 F, G). Altogether, these data
indicate that Elk-1 and MSK-1 are activated downstream from
ERKs, at the same time in the same subset of medium spiny
neurons (MSNs).

The TDE peptide interferes with Elk-1, but not ERK or
MSK-1, phosphorylation induced by cocaine in vivo

We previously designed and validated, in primary striatal neu-
rons in culture, a cell-penetrating peptide that mimics the DEF
docking domain of Elk-1 toward ERKs (Lavaur et al., 1007).
The DEF docking domain is necessary and sufficient to drive
Elk-1 phosphorylation in response to ERK activation. The
TAT-DEF-EIk-1 peptide (TDE) blocks this phosphorylation

event without interfering with the global level of ERK activity
or MSK-1 phosphorylation. We thus sought to use this TDE
peptide in vivo and analyze its role in cocaine-induced re-
sponses. We first validated its effectiveness and performed
dose—response curves in mice pretreated with increasing doses
of TDE 60 min before cocaine administration. Ten minutes
after cocaine injection, mice were killed and processed for
immunohistochemical detection of P-ERK1/2, P-MSK-1, P-Elk-1,
and P-H3 using phospho-specific antibodies on striatal sec-
tions (Fig. 2A—H). The TDE pretreatment induced a dose-
dependent decrease in cocaine-induced P-Elk-1 and P-H3
immunoreactive cells, with a maximal effect at 8 mg/kg TDE
for both markers (Fig. 2G,H). In contrast, the TDE failed to
affect P-ERK and P-MSK-1 immunolabeling. The time course
of TDE effectiveness was then determined on cocaine-induced
P-Elk-1. Mice were pretreated with 8 mg/kg TDE for the indi-
cated times before cocaine and then killed 10 min after cocaine



Besnard et al. @ Elk-1and Cocaine Responses

J. Neurosci., October 5, 2011 - 31(40):14296 —14307 - 14303

for the recruitment of MSK-1 at the vicin-

A Saline Cocaine B ity of histone H3 (Zhang et al., 2008). We
SCR TDE 191@scr thus reasoned that the inhibitory effect of

P c 18-{ll™E TDE on H3 phosphorylation might be re-

= produced by a DEJL mutation on Elk-1.

Saline Cocaine

This point was addressed by transfecting
cultured striatal neurons with cDNA con-
structs encoding HA-tagged Elk-1 in its
WT or mutated versions on DEF or DEJL
(Fig. 3A). Twenty-four hours after trans-
fection, neurons were incubated in the ab-
sence (control) or presence of glutamate
for 20 min. Transfected cells were de-
tected with anti-HA antibody (Fig. 3B-D,
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administration. Mice pretreated with TDE from 0.5 to 2 h
before cocaine showed a significant decrease in P-Elk-1 im-
munoreactivity (Fig. 21,J). A maximal effect was found when
TDE was administered 60 min before cocaine. In all the fol-
lowing experiments, TDE was thus intraperitoneally adminis-
tered at 8 mg/kg 60 min before cocaine injection. The TDE
effects were specific on its amino acid sequence because a scram-
bled version of the peptide, which corresponds to the same amino
acid sequence distributed randomly, did not show any signif-
icant difference with the vehicle pretreated cocaine group
(data not shown).

Molecular evidence that the DEF docking domain of Elk-1 is
involved in H3 (Ser10) phosphorylation

We showed previously that MSK-1 is the major striatal kinase of
H3 (Serl0) in response to an acute cocaine administration
(Brami-Cherrier et al., 2005; for review, see Brami-Cherrier et al.,
2009). Nevertheless, the present results indicate that H3 phos-
phorylation is significantly reduced by TDE (Fig. 2G,H ), without
any alteration of MSK-1 phosphorylation (Fig. 2 F). These data sug-
gest that the DEF domain of Elk-1 is necessary for histone H3
phosphorylation. Besides the DEF domain, Elk-1 contains a DEJL
domain that is both responsible for the docking of Elk-1 to the
MAP kinases/JNK and p38 (Sharrocks et al., 2000) and necessary

Inhibition of Elk-1 phosphorylation inhibits cocaine-induced dendritic plasticity. A three-dimensional morphological
analysis of Dil-labeled medium spiny neurons was performed in the NAcc shell of mice chronically treated after a chronic treatment
with saline or cocaine (10 mg/kg; 5 injections over 3 d) in mice pretreated with TDE or SCR (8 mg/kg) 60 min before cocaine
treatment. A, Representative pictures of Dil-stained dendritic sections in each experimental group. B, Quantifications of the
number of dendritic spines detected per 10 um of dendritic sections. Note that pretreatment with TDE totally abrogates cocaine-
induced increase in dendritic spine density. €, Quantifications of head-spine diameters for each experimental group. Black dots
represent the mean head-spine diameters per animal (n = 7 animals per group), and gray dots represent the median head-spine
diameters per neuron (n = 1014 neurons per animal). The black bar represents the mean head-spine diameters per group. Note
the decreased head-spine diameters in chronically TDE pretreated groups independently of cocaine. B, Data (means == SEM; n =
7 mice per group) were analyzed using two-way ANOVA: effect of pretreatment, £, ,,) = 5.443, p < 0.05; effect of treatment,
Fi1,24y = 5342, p < 0.05, followed by post hoc comparisons (Bonferroni's test). **p << 0.01, cocaine groups versus saline group;
°°p < 0.01, TDE pretreated cocaine group versus SCR pretreated cocaine group. , Data (n = 7279 neurons) were analyzed using
Kruskal—-Wallis test (p << 0.0001), followed by post hoc comparisons (Dunn’s tests). **p << 0.01, ***p << 0.001; NS, not significant.

measure P-Elk-1 immunoreactivity that
corresponded to a signal equal or above
the signal obtained in WT Elk-1-
transfected neurons. The DEF mutant of
Elk-1 produced a significant reduction of
P-Elk-1 immunoreactivity in transfected
neurons (Fig. 3, compare B, C, see also G).
Using thresholds for the measurements of
P-ERK and P-MSK-1, we failed to observe
any alteration of glutamate-induced
phosphorylation of ERK and MSK-1 in
striatal neurons transfected with the DEF
mutant of Elk-1 (Fig. 3E,F). With regard
to P-H3, the DEF mutant reduced
glutamate-induced = immunoreactivity
(Fig. 3H). These in vitro data thus repro-
duce our in vivo results with the TDE peptide. In contrast, the
DEJL mutant did not affect P-Elk-1 but significantly reduced
P-H3 immunoreactivity. In all experimental conditions, block-
ade of glutamate-induced activation of ERK1/2 with the MEK
inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-amino-
phenylmercapto)butadiene] abrogated the phosphorylation of
MSK-1, Elk-1, and H3, thus confirming the critical involvement
of ERKs in the activation of these proteins. These in vitro data
confirm the crucial implication of the DEF docking site for opti-
mal activation of Elk-1. They also show that the mutation of
either the DEF or DEJL docking domain affects glutamate-
induced phosphorylation of H3, despite a preservation of
MSK-1 activation (see Fig. 8 for schematic explanation).
These observations prompted us to design a penetrating pep-
tide corresponding to the DEJL domain of Elk-1 along with its
flanking amino acid sequences. The DEJL peptide was adminis-
tered in the same experimental schedule as for the TDE (i.e., 8
mg/kg, 60 min before cocaine; Fig. 4 A—H ). In all cases, the DEJL
peptide failed to alter cocaine-induced Elk-1, ERK, and MSK-1
phosphorylation in the DM striatum (Fig. 4A—C) and the NAcc
shell (Fig. 4E-G). Despite a tendency to alter H3 (Ser10) phos-
phorylation levels, the DEJL peptide failed to reduce them signif-
icantly in the DM (Fig. 4 D) and the NAcc shell (Fig. 4 H). Because
the DEJL peptide showed a marginal effect on cocaine-induced
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Figure 7. Inhibition of Elk-1 phosphorylation and cocaine-induced behavioral adaptations.
Spontaneous locomotor activity: TDE compared with SCRinjected at the dose of 8 mg/kg 60 min
before the exposure to a novel environment (actimeter) does not alter either the spontaneous
horizontal (ambulation) or vertical activity (rearing). B, Locomotor habituation. TDE compared
with SCR injected at the dose of 8 mg/kg 60 min before the exposure to the same environment
(actimeter) for 2 consecutive days does not alter the locomotor habituation. C, After 3 habitu-
ation days (days —2to 0), mice were pretreated daily for 5 consecutive days, with either TDE or
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Elk-1 and H3 (serl0) phosphorylation, the following experi-
ments were focused on the TDE peptide that significantly alters
both P-Elk-1 and P-H3 (Ser10).

ERK-dependent Elk-1 phosphorylation controls SRE-driven
gene regulation induced by cocaine
Elk-1 acts as a transcriptional activator by forming a ternary com-
plex with the serum response factor (SRF) on the SRE at the
promoter of several IEGs (Treisman, 1995). We analyzed how
inhibition of Elk-1 phosphorylation could affect cocaine-induced ex-
pression levels of c-Fos and Zif268, two IEGs bearing SRE site(s)
in their promoter. The number of c-Fos (Fig. 5A-C) and Zif268
(Fig. 5D-F) immunoreactive cells was quantified in the DM stria-
tum and the NAcc shell 1 hour after cocaine administration in
mice pretreated with the SCR or TDE peptide 1 hour before
cocaine. For both c-Fos (Fig. 5A-C) and Zif268 (Fig. 5D-F ), TDE
partially (approximately one-third), but significantly, reduced
the increased number of immuno-positive cells induced by co-
caine when compared with SCR pretreated animals.
Quantitative PCR were performed to analyze the implication
of Elk-1 phosphorylation on mRNA levels of other IEGs. The
pretreatment with TDE significantly decreased cocaine-induced
AfosB and arc/arg3.1 (activity-regulated cytoskeleton-associated
protein) mRNA. In contrast, TDE had no effect on homerla ex-
pression, despite its rapid induction by cocaine (Fig. 5G). Because
our previous studies in vitro indicated that chronic blockade of
Elk-1 activation inhibits SRF and Actin protein levels during
spontaneous differentiation of striatal neurons (Lavaur et al.,
2007), we analyzed expression levels of these genes during acute
cocaine administration. We did not detect any variation of srfand
actin mRNA levels 45 min after acute cocaine, and the pretreat-
ment with TDE did not affect the basal levels of mRNA encoding
for both proteins (Fig. 5G, two right panels).

ERK-dependent Elk-1 phosphorylation regulates spine
density and morphology of NAcc shell MSN's

Using the TDE or a dominant-negative version of Elk-1, we
showed previously that Elk-1 activation controls dendritic elon-
gation and cytoskeleton dynamics in primary striatal cultured

<«

SCRatthe dose of 8 mg/kg 60 min before saline (left) or cocaine (10 mg/kg; right) injection, and
locomotor activity was measured. This procedure was also repeated on day 12 aftera 7 d
withdrawal. D, E, CPP induced by cocaine (n = 8 mice per group) was performed from mice
pretreated during the conditioning phase of the protocol with TDE or its scramble version 1h
before cocaine administration in a one-pairing (D, left; E, F) or three-pairing (D, right; G, H) CPP
paradigm. C, Data (means = SEM; n = 14—15 mice per group) were analyzed using mixed-
factor two-way ANOVA (repeated measure over time): saline: effect of time, Fig 5, = 7.53,
p << 0.007; effect of pretreatment, F; 5,5 = 0.35, NS; 10 mg/kg cocaine: effect of time,
Fi 216 = 10.69,p < 0.001; effect of pretreatment, F; ,;¢) = 6.55, p << 0.05, followed by post
hoc comparisons (Bonferroni's test). *p << 0.05, **p << 0.01, present day versus day 1; °p <
0.05, °°p < 0.01, TDE pretreated cocaine group versus SCR pretreated cocaine group. D, Data
(means == SEM; n = 8 mice per group) were analyzed using mixed-factor two-way ANOVA
(repeated measure over conditioning session): one-pairing protocol SCR pretreatment: effect of
conditioning, F; 14y = 7.37, p << 0.05; effect of treatment, F; 1,y = 3.12, NS; one-pairing
protocol TDE pretreatment: effect of conditioning, F; ., = 2.51, NS; effect of treatment,
Fi1,14y = 0.62, NS; three-pairing protocol SCR pretreatment: effect of conditioning, F; 1, =
32.68, p << 0.001; effect of treatment, F; 1,y = 7.73, p << 0.05; three-pairing protocol TDE
pretreatment: effect of conditioning, ; 1, = 21.0, p << 0.001; effect of treatment, F; .,y =
5.35, p < 0.05, followed by post hoc comparisons (Bonferroni's test). **p << 0.01, ***p <
0.001, posttest versus pretest; °p << 0.05, °°p << 0.001, saline versus cocaine. E-H, Data
(means == SEM; n = 8 mice per group) were analyzed using paired t test for all of the groups before
(Pre) and after (Post) conditioning. *p << 0.05, **p << 0.01, ***p << 0.001, drug-paired chamber
versus vehicle-paired chamber. Dashed lines represent equal exploration of both chambers.
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cells (Lavaur et al., 2007). We thus asked whether Elk-1 phos-
phorylation could affect morphological remodeling induced by
chronic cocaine treatments. For this purpose, we chronically pre-
treated different groups of mice with TDE or SCR before a saline
or cocaine treatment. This procedure was repeated five times over
a 3 d period. Chronic cocaine induced a significant increase in
dendritic spine density that was totally and selectively blocked by
TDE pretreatment (Fig. 6 A, B). As a result of this diolistic stain-
ing, we also evaluated the impact of the treatments on head-spine
diameters of NAcc shell MSNs (Fig. 6C). The chronic cocaine
treatment did not modify head-spine diameters compared with the
chronic saline group. Interestingly, chronic Elk-1 inhibition induced
a decrease in head-spine diameters of NAcc shell MSNs in both
saline- and cocaine-treated groups (Fig. 6C). These results confirm
and extend the crucial contribution of Elk-1 in cytoskeleton
dynamics under basal conditions, as well as in response to
chronic cocaine-induced morphological rearrangements.

ERK-dependent Elk-1 phosphorylation regulates
cocaine-induced behavioral adaptations

Consistent with the role of Elk-1 phosphorylation in gene transcrip-
tion, the TDE had no effect on spontaneous horizontal or vertical
locomotor activity (Fig. 7A). When administrated before the first
exposure to a novel environment, the TDE did not modify the loco-
motor habituation measured 24 h after a re-exposition to the same
environment (Fig. 7B).

A single injection of psychostimulants induces hyperlocomo-
tion in rodents, which may progressively and persistently increase
after repeated exposure to a constant dose of the drug. This process,
termed psychomotor sensitization, reflects drug-induced long-term
behavioral alterations and involves transcriptional regulations. After
a 3 d habituation period (days —2 to 0), the slight acute hyperloco-
motion induced by a single cocaine administration (day 1) was not
affected by the TDE pretreatment (Fig. 7C, right). In contrast, re-
peated exposure to cocaine induced a robust locomotor sensitiza-

cocaine

J Long-term behavioral
alterations

Schematic representation of molecular events driven by Elk-1 phosphorylation in response to cocaine. A, During
cocaine administration, combined activation of D,R and NMDAR drives ERK activation via calcium entry (Pascoli et al., 2011). This
leads to the phosphorylation and nuclear translocation of Elk-1along with ERKs. Within the nucleus, Elk-1 binds to the SRE sites of
IEGs (including c-fos, zif268, and arc/arg3.7) and recruits ERK1/2 and MSK-1 at the proximity of the nucleosome. In turn, MSK-1 can
phosphorylate histone H3 on Ser10 residue, allowing nucleosome repositioning and transcription. These molecular events are
critically involved in MSN spine plasticity and long-term behavioral alterations in response to cocaine. B, In the presence of the TDE
peptide, Elk-1 phosphorylation and nuclear translocation is impeded. Cocaine-induced ERK and MSK-1 phosphorylation persist,
but MSK-1 is not recruited to the nucleosome. SRE-driven gene regulation is inhibited, along with spine plasticity and long-term

J. Neurosci., October 5, 2011 - 31(40):14296 —14307 - 14305

tion in the SCR pretreated group that was
decreased in TDE pretreated mice (days
2-5). This sensitization remained observ-
able even when the animals were challenged
after a 7 d withdrawal (day 12), with a signif-
icant reduction in TDE pretreated mice
(Fig. 7C, right). Of note, TDE did not alter
basal locomotor activity of mice chronically
treated with a saline solution (Fig. 7C, left).
J s Altogether, these results demonstrate that
(Lapesercmnatet)  glk-1 phosphorylation is involved in loco-
motor sensitization induced by cocaine.
The ERK pathway is also involved in
the establishment of CPP induced by co-
caine (Valjent et al, 2000). Cocaine-
induced CPP is a pavlovian associative
learning based on the explicit association
between the rewarding properties of the
drug with environmental clues. Before
conditioning, all the groups spent the
same amount of time in each chamber
(Fig. 7E-H, Pre). Cocaine was adminis-
tered in a one-pairing (Fig. 7D, left, E,F)
or three-pairing (Fig. 7D, right, G,H ) pro-
tocol. Whereas SCR pretreated groups de-
veloped a clear preference for the drug-
paired chamber, whatever the protocol
(Fig. 7D-G), TDE pretreatment impeded
the establishment of cocaine-induced CPP in the one-pairing
(Fig. 7D, left, 7F) but not three-pairing (Fig. 7D, right, H)
paradigm.

Discussion

In the present work, we demonstrate that the TDE, which inter-
feres with cocaine-induced phosphorylation of Elk-1, but not
MSK-1 or ERK, modifies molecular, morphological, and behav-
ioral responses to cocaine (Fig. 8). In cultured striatal neurons,
the TDE is a selective inhibitor of ERK-dependent Elk-1 phos-
phorylation induced by glutamate in vitro (Lavaur et al., 2007).
One important constraint of our in vivo study was to determine
whether ERK-dependent phosphorylation of Elk-1 and MSK-1
occurred in the same striatal population in response to cocaine.
We demonstrated previously that the activation of Elk-1 down-
stream from ERKs occurs rapidly and transiently in the dorsal
and ventral parts of the striatum (Valjent et al., 2000). Similarly,
MSK-1 activation is transient and strictly dependent on ERK
activation in response to cocaine (Brami-Cherrier et al., 2005).
Furthermore, it occurs in D;R-expressing MSNs (Bertran-
Gonzalez et al., 2008). Herein, we demonstrate that cocaine-
induced Elk-1 phosphorylation is also strictly dependent on D, R
and NMDAR converging onto ERKs. Finally, the activation of
Elk-1, ERK, and MSK-1 occurs at the same time in the same
MSNs. We thus conclude that cocaine, via a concomitant activa-
tion of D;R and NMDAR, activates two signaling modules down-
stream from ERKSs in the same subpopulation of MSNs: the ERK/
Elk-1 on one hand and the ERK/MSK-1 module on the other
hand.

Systemic administration of TDE dose dependently altered
cocaine-induced phosphorylation of Elk-1in MSNs with a ceiling
effect at the dose of 8 mg/kg. Although partial, this inhibition is
specific because ERK1/2 and MSK-1 phosphorylations are
spared. Time course experiments show that the optimal time
point to inhibit Elk-1 phosphorylation is achieved when TDE is
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administered from 30 to 120 min before cocaine. This temporal
window of effects is likely attributable to the short life of the
synthetic peptide in vivo. The TDE also highlights the role of
Elk-1 phosphorylation on chromatin remodeling via inhibition
of histone H3 (Ser10) phosphorylation. Such inhibition was re-
produced in vitro using a DEF-mutated version of Elk-1. These
results were not expected a priori, because MSK-1 remained ac-
tivated in the presence of TDE. MSK-1 is the major kinase for
histone H3 (Ser10), and knock-out mice for msk-1 show a total
inhibition of cocaine-induced H3 (Ser10) phosphorylation
(Brami-Cherrier et al., 2005). A logical explanation to explain the
inhibitory effect of TDE on cocaine-induced H3 phosphorylation
is the recent demonstration that Elk-1 is able to recruit the ERK/
MSK-1 module at the vicinity of the nucleosome located near the
SRE site of c-fos and egr-1 (Zhang et al., 2008; Drobic et al., 2010).
This recruitment involves a direct protein/protein interaction
between activated ERKs and the DEJL domain of Elk-1. In our
hands, H3 (Ser10) phosphorylation by glutamate was also re-
duced by mutation of the DEJL domain in vitro but only
slightly reduced by the TDE peptide in vivo. Additional exper-
iments are needed to characterize the sequential events that
govern H3 (Ser10) phosphorylation in response to cocaine in
neuronal cells.

Global inhibition of ERKs with MEK inhibitors leads to a
downregulation of cocaine-induced expression of c-Fos and
Zif268 (Valjent et al., 2000). In contrast, msk-I1 knock-out mice
showed inhibition of cocaine-induced c-Fos but not Zif268 in-
duction (Brami-Cherrier et al., 2005). These data underlined the
complexity of molecular events driven by ERKs and highlight the
possible role of Elk-1 downstream from ERKs. We show here that
Elk-1 phosphorylation is involved in both cocaine-induced c-Fos
and Zif268 expression but also in the regulation of other IEGs
bearing SRE regulatory elements in their promoter. Thus, TDE
inhibited cocaine-induced arc/arg3.]1 mRNA expression. arc/
arg3.1 encodes a protein involved in dendritic spine morphology
and AMPA receptor trafficking (Bramham et al., 2008). Tran-
scription of arc/arg3.1 is known to be regulated by the ERK path-
way (Waltereit et al., 2001), and mutation of the SRE site in its
promoter strongly impairs long-term depression in Purkinje
cells, thus placing this IEG at the interface between ERK signaling
and long-term plasticity (Smith-Hicks et al., 2010). We propose
that Flk-1 phosphorylation is an intermediate event between
ERK activation and SRE-driven arc/arg3.1 induction. Finally, we
found a downregulation of cocaine-induced expression of AFosB
when Elk-1 phosphorylation was inhibited. Although AFosB does
not contain an SRE site in its promoter, this effect might be an
indirect one attributable to reduced levels of c-Fos-containing
AP1 complexes (Zhang et al., 2002). As expected, cocaine-
induced homerla mRNAs, which are regulated by a PKA/CREB
pathway, were not modified by TDE (Zhang et al., 2007). Finally,
we determine that srf and actin, which bear SRE sites in their
promoter, are not regulated by an acute cocaine administration.
Our demonstration of an involvement of Elk-1 activation in
cocaine-induced SRE-driven gene regulations is strengthened by
a recent whole-genome microarray profiling of drugs of abuse
showing that one important cluster of upregulated genes is
under the control of SRF/SRE regulatory sites (Piechota et al.,
2010). Induction of this group of genes was strongly impaired
by SL327 pretreatment, thus showing the involvement of ERK
signaling in the instatement of a large group of genes in re-
sponse to cocaine.

Over the past decade, our group and others have accumulated
experiments showing that Elk-1 is involved in structural plastic-
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ity. We originally described that overexpression of a non- phos-
phorylable version of Elk-1 impedes neuronal differentiation of
PC12 cells (Vanhoutte et al., 2001). In contrast, PC12 cells over-
expressing a constitutively nuclear mutant of Elk-1 show a facil-
itation of neuronal differentiation (Vanhoutte et al., 2001; Salinas
et al.,, 2004). More recently, using the TDE peptide or a
dominant-negative version of Elk-1 in primary striatal cultured
cells, we found an inhibition of spontaneous dendritic outgrowth
as well as cytoskeleton dynamics (Lavaur et al., 2007). As de-
scribed previously (Shen et al., 2008), we found a global increase
of spine density in NAcc shell MSNs after a chronic treatment
with cocaine. Interestingly, a pretreatment with TDE totally
blocked this structural plasticity, as demonstrated recently using
a global inhibitor of the ERK pathway (Ren et al., 2010). TDE
administration before each cocaine or saline injection also de-
creased NAcc shell MSNs head-spines diameter (Fig 6). These
observations indicate that Elk-1 may also be engaged in the struc-
tural organization of dendritic spines. Together with Elk-1, SRF
forms the ternary complex at SRE sites and is a prime transcrip-
tional regulator of neurite outgrowth, axon guidance, and synap-
tic targeting (Knoll et al., 2006; Knoéll and Nordheim, 2009).
Nonetheless, a recent work reported that selective knockdown of
srfin the NAcc did not alter cocaine-induced molecular and be-
havioral adaptations (Vialou et al., 2010).

Accumulating evidences have highlighted the key role of ERK
signaling in cocaine-induced behavioral adaptations. We show
here that ERK-mediated phosphorylation of Elk-1 is critically
involved in these behavioral responses. Similar to global ERK
inhibitors, the TDE strongly decreased the development of loco-
motor sensitization (Valjent et al., 2000). The TDE was also tested
on the establishment of CPP. At the end of the conditioning, mice
pretreated with TDE did not express any preference, nor aver-
sion, using a mild (one pairing) or strong (three pairings) condi-
tioning protocol. These data show that inhibition of Elk-1
activation per se did not exert either appetitive or aversive prop-
erties. Using a mild conditioning protocol (one pairing), but
notasustained one (three pairings), the TDE blocked cocaine-
induced CPP. We showed previously that msk-1 knock-out
mice displayed an enhanced CPP induced by a sustained pro-
tocol of cocaine administration (Brami-Cherrier et al., 2005).
Cocaine-induced expression of c-Fos, which is dispensable for
cocaine-induced CPP (Zhang et al., 2006), was inhibited in both
TDE-treated and msk- I knock-out mice. Contrasting with msk- 1
knock-out mice, which displayed normal cocaine-induced
Zif268 expression (Brami-Cherrier et al., 2005), the TDE partly
inhibited cocaine-induced expression of this [EG. Zif268 is cru-
cially implicated in cocaine-driven CPP (Valjent et al., 2006b).
Interestingly, the authors reported a high correlation between
Zif268 expression dosage and cocaine-induced CPP. Using a
three-pairing protocol, the authors showed that cocaine-induced
CPP was normal in zif268 heterozygous and totally abrogated in
zif268 knock-out mice (Valjent et al., 2006b). Accordingly, when
using a stronger protocol (three pairings), we showed that TDE
pretreated mice developed a normal cocaine-induced CPP. Thus,
by inducing a partial reduction of Elk-1 phosphorylation at the
SRE site, the TDE reproduces a zif268 heterozygous phenotype in
response to cocaine.

Altogether, the present work demonstrates that Elk-1 phos-
phorylation by ERKs is critically involved in chromatin re-
modeling and gene regulations driven by cocaine in vivo. The
set of genes governed by the ERK/Elk-1 module can in turn
control important events involved in striatal neuron plasticity
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and long-term behavior responses, such as locomotor sensiti-
zation and CPP in a mild paradigm.
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